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Abstract
Oxygen delivery rates must keep pace with the increased metabolic rate observed in 
poikilothermic animals exposed to increased temperature if aerobic metabolism is to be 
maintained. Physical failure of the oxygen delivery system to meet this increased demand may be a 
mechanism of cardiac failure in crustaceans at temperature extremes. As part of the determination 
of the effect of temperature on the cardio-respiratory system, we are measuring whole animal 
lactate levels in grass shrimp (Palaemonetes pugio) acclimated to 20°C over a temperature range 
(20-39°C) in normoxic and hyperoxic conditions. Lactate levels are measured as an indicator of a 
switch from aerobic to anaerobic metabolism. Animals placed in a hyperoxic environment had a 
higher CT max than animals in a normoxic environment, suggesting a physical limitation in oxygen 
delivery. Animals were collected and immediately place in liquid nitrogen across the temperature 
range in both normoxic and hyperoxic conditions. Whole animal preparations were then used to 
determine lactate levels using an enzymatic method from a commercially available lactate analysis 
kit.  
Introduction
Palaemonetes pugio are commonly known as grass or ghost shrimp due to their semi-
translucent body. In their natural environment, grass shrimp are exposed to a wide range of 
temperatures, dissolved oxygen and salinity levels. These animals must adapt to survive in these 
always changing environments. Over time many species have evolved a number of physiological, 
biochemical and/or molecular mechanisms to acclimate or adapt to environmental temperature 
fluctuations.  The thermal sensitivity of critical physiological systems determines a species minimal 
and maximal temperature range.  The cardio-respiratory system of crustaceans can be sensitive to 
temperature extremes and may be a limiting physiological system that establishes the critical 
thermal maximum temperature which can establish a defined crustacean species habitat range. For 
this project, the effect of temperature on the cardio-respiratory system is being measured by the 
production of lactate in crustaceans.
Lactate production increases when the rate of demand for energy is high. This is due to 
lactate being produced faster than the ability for tissues to remove it. Lactate is being constantly 
produced by the enzyme lactate dehydrogenase via fermentation during normal and stressed 
metabolism. The reaction to make lactate involves a pyruvate molecule. Pyruvate is one of the 
products of glycolysis. When energy is in high demand, the rate of glycolysis increases, the amount 
of pyruvate increases and thus the increased amount of lactate being produced. 
Methods
Animal Preparations
Grass shrimp, Palaemonetes pugio, were maintained in 20L aquaria in aerated seawater (30-
32ppt at 20˚C), for two weeks prior to experimental use. Animals were selected at random from the 
20L aquaria, massed and put into a 250ml beaker which was then placed into a 20°C water bath. 
Experimental Design
After the grass shrimp were put in the water bath, the temperature was then increased and at 
intervals of 20°C, 25°C, 30°C, 35°C, 37°C, and lose of righting response animals were collected and 
immediately put into liquid nitrogen. This collection of animals over this temperature range occurred 
at normoxic and hyperoxic conditions. 
At normoxic conditions air was continuously supplied using an air stone. At hyperoxic 
conditions, a mixture of 90% air and 10% oxygen was continuously supplied using an air stone. The 
animals were then kept in a -80°C freezer until all animals were collected and ready for analysis. 
Critical thermal maximum (CTmax) was determined by heating individual shrimp at a rate of 
0.5 ˚C  per minute in a 250 ml beaker placed in a water bath. (Figure 3 )  CTmax was defined as 
loss of righting response. (Nelson and Hooper, 1982) This was completed at both hyperoxic and 
normoxic conditions. 
Analysis
Analysis of the production of lactate in P. pugio was completed with the following protocol. 
The frozen animal was homogenized with a tris(hydroxymethyl)aminomethane (Tris) buffer in a 1:3  
animal to buffer ratio.  The homogenates then had trichloroacetic acid added to precipitate out the 
proteins. The supernatant was then collected after being centrifuged for ten minutes at 10,000 rpm 
at 4˚C. This supernatant was then treated with potassium carbonate to neutralize the sample. This 
was centrifuged one more time for ten minutes at 10,000 rpm at 4˚C. The final supernatant was 
pulled and was ready for lactate analysis. 
The analysis of the sample follows the Pointe Scientific, Inc lactate reagent kit. Three micro 
liters of sample are loaded into a well on a 96 well plate. Then 150 micro liters of Reagent 1 are 
added to each well with sample and finally 100 micro liters of Reagent 2 was added. The sample 
was then read with an automated analyzer. (name of machine?)
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Figure 3. Critical thermal maximum at normoxic and hyperoxic conditions.  CTmax is significantly 
higher at the higher oxygen levels.
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Figure 1. As body temperature increases, metabolic rate increases. C
Discussion
Three mechanisms of thermal sensitivity have been proposed.  
These include: effects on proteins, membranes, or the oxygen delivery 
system. (Portner, 2001) 
The oxygen delivery system can be broken down into three broad 
components.  One is the ventilatory component, which involves moving 
oxygen from the environment to the respiratory exchange area. The second 
component is the cardiovascular system, specifically the heart, which 
propels oxygen-containing hemolymph to the tissues of the body.  And the 
third component is at the cellular level with aerobic metabolism at the cell. 
(McMahon & Wilkens, 1983) 
The data here indicate that the critical thermal maximum may increase in a 
hyperoxic environment.  Cardiac output increases in a predictable pattern as 
the animals are exposed to a progressive increase in temperature from 2 –
36o C with a break observed at approximately 37o C.  Stroke volume and 
heart rate were measured to determine their contribution to cardiac output.  
Measurements of stroke volume indicate that it is maintained as 
temperature increases, indicating the change in cardiac output is dependent 
on heart rate.  Heart rate is shown to increase with increasing temperature. 
Animals placed in a hyperoxic environment demonstrate an ability to 
maintain an increased heart rate at a higher temperature versus those in a 
normoxic environment, further supporting the hypothesis of a limitation in 
oxygen delivery at an increased heart rate. 
Whole animal lactate appears not to vary as a function of temperature and 
oxygen levels through 37o C There is a trend for increased lactate 
production in the hyperoxic animals at 38o C .  This may suggest that these 
animals are able to augment their function with anaerobic metabolism until 
they reach their maximal heart rate.
This data lends support to the hypothesis that P. pugio fails at extreme 
temperatures due to mechanical failure of the oxygen delivery system.
These data are still preliminary and we are currently testing additional 
samples to support these results.
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Figure  2. The dissolved oxygen content of both fresh and salt 
water decreases as temperature increases.
Figure 5. Whole animal lactate levels as a function of temperature in 
normoxic and hyperoxic conditions.  n=4
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Figure 4. Heart rate, stroke volume, cardiac output, and ejection fraction as a function of 
temperature in normoxic and hyperoxic conditions in the grass shrimp.  Stroke volume does not 
change with temperature whereas cardiac output shows a heart rate dependent increase 
between 2-37 ˚C.  Ejection fraction does not change with increasing temperature.  n=10
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Figure 6. Schematic of the oxygen delivery system
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